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Supplementary Discussion: 

Wnt-β-catenin activity does not increase during BEC proliferation:  BEC proliferation is required during 

bile duct regeneration1; however, the role that Wnt-β-catenin signalling plays in this process remains 

controversial, with conflicting reports describing variable roles for Wnt-β-catenin2–5.  

In many cellular contexts, Axin2 mRNA expression is an accepted readout of Wnt-β-catenin signalling 

pathway activation6–9. Similarly, in both mouse and human BECs, Axin2 mRNA levels increases when 

β-catenin is stabilised using a selective GSK3β inhibitor, CHIR99021, and decreases when β-catenin-

dependant transcription is inhibited by PRI72410 (Supplementary Figure 1a), indicating that BECs 

respond to activation of the Wnt-β-catenin signalling pathway by altering Axin2 transcript expression. 

Using a combination of β-catenin nuclear translocation and Axin2 mRNA expression, we sought then 

to define whether Wnt-β-catenin signalling is active in proliferating BECs in vivo.  

As previously reported, in mice expressing a stabilising β-cateninN90 mutation in the liver11,12 or in the 

mouse small intestine13, β-catenin protein localises to the nucleus of cells identifying them as having 

an activated Wnt-β-catenin signalling pathway (Supplementary Figure 1b). In tissue from patients with 

Primary Sclerosing Cholangitis (PSC), a progressive human biliary disease in which BECs proliferate14 

and also in two mouse models of BEC proliferation (thioacetamide, TAA or 3,5-diethoxycarbonyl-1,4-

dihydrocollidine, DDC15,16), we failed to see β-catenin translocate into the nucleus of BECs 

(Supplementary Figure 1c and 1d). Given that the nuclear epitope of endogenous β-catenin is difficult 

to detect, we validated our results using RNAScope for Axin2. In both mouse models of BEC 

proliferation, Axin2 transcripts are localised to peri-central hepatocytes where Wnt-β-catenin 

signalling occurs17; however, in both uninjured and proliferating BECs Axin2 mRNAs remain infrequent 

(Supplementary Figure 1d and 1e). Finally, we verified this by isolating healthy murine bile ducts and 

ducts from mice with biliary disease (Supplementary Figure 1f). In this context, we did not see an 

increase in Axin2 mRNA levels, nor did we see an increase in expression of other known Wnt- β-catenin 

target genes (supplementary figure 1g). We cannot discount that there is a low, tonic level of Wnt-β-
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catenin signalling in proliferating BECs; however, our data indicate that Wnt-β-catenin pathway 

activation does not increase during bile duct regeneration, data that are in concordance with recent 

work showing that BECs do not express LGR-proteins necessary for Wnt signalling potentiation3,7. 

Moreover, recent functional evidence suggests that the canonical Wnt signalling pathway is 

dispensable for BEC organoid growth in vitro18.  
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Supplementary Figure 1. Limited evidence for canonical Wnt signalling during bile duct 

regeneration: a. mRNA expression of Axin2 in NHC3 human cholangiocytes (upper graph) treated with 

PRI724 or CHIR099021 and primary mouse cholangiocyte organoids (lower graph) treated with 

PRI724. Each point represents an experimental replicate. b. Immunohistochemistry for β-catenin in 

positive control tissue, small intestine (upper panel) and liver expressing β-cateninNF90. c. 

Immunohistochemistry for β-catenin in healthy human liver and tissue from a PSC patient. d. 

RNAScope for Axin2 in uninjured mouse liver and in mice with DDC or TAA induced liver injury. Black 

arrows denote positive staining in hepatocytes, red arrows demarcate Axin2 positivity in biliary 

structures. Dotted line denotes bile ducts e. Axin2 mRNA positive control, black arrows denote Axin2 

positive pericentral hepatocytes. f. mRNA expression of lineage markers for hepatocytes, biliary 

epithelium, endothelium, macrophages and mesenchymal cells.  g. mRNA expression of canonical Wnt 

target genes in whole liver and in isolated bile ducts from the DDC bile duct injury model. h. RNA scope 

for PIBB and DapB, positive and negative RNAscope controls. Scale bar = 50μm p.a. denotes portal 

artery, p.v. denotes portal vein and b.d. denotes bile duct. Source data are provided as a Source Data 

file. In dot-plots, data presented as mean ± S.E.M. Each data-point (N) represents an individual animal. 

In supplementary 1a, N=6 experimental replicates for the upper panel and N=3 experimental 

replicates for the lower panel. 
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Supplementary Figure 2: a. mRNA expression of all detectable Wnt ligands in uninjured bile ducts, 

DDC injured and TAA injured. Source data are provided as a Source Data file. When comparing multiple 

groups, a One-way Anova with post-hoc correction for multiple testing is used. In dot-plots, data 

presented as mean ± S.E.M. Each data-point (N) represents an individual animal or patient. 
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Supplementary 3: a. mRNA expression of β-catenin target genes in bile ducts isolated from mice with 

biliary disease treated with either Porcupine inhibitor (LGK974) or vehicle alone. b. 

Immunofluorescence of liver tissue treated with vehicle or Porcupine inhibitor, stained for Hnf4α (red) 

and Glutamine Synthase (GS, green). c. Schematic representing the Porcupine-i dosing regimen used 

to demonstrate that porcupine-I is effective in macrophages. d. Representative FACS plots showing 

the parameters by which CD45+/CD11b+ macrophages were isolated from livers undergoing biliary 

repair. e. Immunocytochemistry showing Wnt5a (yellow) and the endoplasmic reticulum (Calnexin, 

Red) in FACS isolated macrophages from mice treated with vehicle or the Porcupine inhibitor, LGK974. 

f. Quantification of macrophages in which WNT5A is found in the Endoplasmic Reticulum 

(Wnt5a/Calnexin dual positive cells). Scale bar = 50μm. c.v. denotes central vein. Source data are 

provided as a Source Data file. A Student’s t-test is used to compare data. In dot-plots, data presented 

as mean ± S.E.M. Each data-point (N) represents an individual animal. In Supplementary 3f 

N=individual cells from three individual animals.  
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Supplementary Figure 4: a. mRNA expression of Wnt5a in non-diseased human tissue and tissue from 

patients with PSC. b. Immunohistochemistry of WNT5A in non-diseased liver and liver with PSC. Bile 

ducts are demarcated with a dotted line, yellow arrows denote positive cells. c. RNAScope for Wnt5a 

in bile ducts of uninjured mice and mice with biliary injury. Red arrows denote positive cells. d. mRNA 

expression of Wnt5a normalised to the housekeeping gene, Ppia In bonemarrow derived 

macrophages. e. Immunofluorescence of BMDMs (F4/80, yellow) from WT or Wnt5aflox/flox mice 

showing staining for WNT5A (magenta) and DNA (blue). f. Representative FACS plots showing gating 

strategy for isolating macrophages from livers undergoing biliary repair. g. mRNA expression of Wnt5a 

compared to housekeeping gene, Ppia in primary liver macrophages isolated from LysM::Wnt5aflox/flox 

mice or control. h. mRNA expression of β-catenin target genes in LysMCreWnt5aWT/WT versus in 

LysMCreWnt5flox/flox following biliary injury. Scale bars = 50μm. b.d. denotes bile duct. Source data are 

provided as a Source Data file. In graphs where two groups are included, a Student’s t-test is used. 

Box-whisker plots represent min-max range of the data. In dot-plots, data presented as mean ± S.E.M. 

Each data-point (N) represents an individual animal or patient. 
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Supplementary Figure 5: a. mRNA expression of Vangl1 in non-diseased human liver and from patients 

with Primary Sclerosing Cholangitis. b. RNAScope (upper panels) for Vangl1 mRNA in uninjured mouse 

liver compared to mouse livers with biliary disease, red arrows denote positivity. Lower panels, 

immunohistochemistry for VANGL1, VANG2 and PTK7 in uninjured liver and livers from mice with 

biliary disease black arrows denote positivity within the bile duct. Yellow arrows denote positive wells 

outside of the bile duct. Scale bar = 50μm. b.d. denotes bile duct, p.v. denotes portal vein. Source data 

are provided as a Source Data file. In graphs where two groups are included, a Student’s t-test is used. 

Box-whisker plots represent min-max range of the data. Each data-point (N) represents an individual 

animal or patient. 
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Supplementary Figure 6: a. mTmG organoids transduced with lentivirus carrying an antibiotic 

resistance cassette (left panel) or carrying Cre recombinase (right panel). Green fluorescence denotes 

cells in which Cre has recombined the loxP sites in the mTmG construct. b. mRNA expression of Vangl1 

and Vangl2 in Vangl2WT compared to Vangl2ΔTM organoids. c. Quantification of RFP-positive (Cre-

active) cells in Vangl2WT and Vangl2ΔTM. d. Immunohistochemistry for VANGL2 in Vangl2WT and 

Vangl2ΔTM mice. Black arrows denote Vangl2 membrane positivity in cholangiocytes. Yellow arrows 

demarcate Vangl2-negative cholangiocytes. Inset, RFP staining, identifying the cholangiocytes that 

have activated Cre-recombinase. b.d. denotes bile ducts and p.v., portal vein. Scale bar = 50μm. Source 

data are provided as a Source Data file. In graphs where two groups are included, a Student’s t-test is 

used. Box-whisker plots represent min-max range of the data. In dot-plots, data presented as mean ± 

S.E.M. In supplementary figure 6c each data-point (N) represents an individual animal. In 

supplementary figure 6b, each N represents an experimental replicate.  
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